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Abstract
Within a multicomponent dark matter scenario, novel gamma-ray signals may arise
from the decay of the heavier dark matter component into the lighter. For a scalar dark
sector of this kind, the decay φ2 → φ1γ is forbidden by the conservation of angular
momentum, but the decay φ2 → φ1γγ can have a sizable or even dominant branching
ratio. In this paper we present a detailed study of this decay channel. We determine the
width and photon energy spectrum generated in the decay, employing an effective theory
approach, and in UV complete models where the scalar dark matter components interact
with heavy or light fermions. We also calculate limits on the inverse width from current
data of the isotropic diffuse photon flux, both for a hierarchical and a degenerate dark
matter spectrum. Finally, we briefly comment on the prospects of observing the diphoton
signal from sneutrino decay in the minimal supersymmetric standard model extended with
right-handed neutrino superfields (ν˜MSSM).
1 Introduction
There is mounting evidence that approximately 80% of the matter content of the Universe
is not in the form of baryons, electrons or neutrinos [1]. An exciting hypothesis is that this
mysterious form of matter, usually dubbed dark matter, is constituted by new particles not
contained in the Standard Model (for reviews, see e.g. [2–4]). However, up to this day, this
hypothesis remains unproved.
A possible strategy to establish the particle nature of the dark matter consists in the search
for the products of dark matter annihilation or decay, either in the form of photons, antimatter
particles or neutrinos. This search is challenging, due to the existence of large (and not always
sufficiently well understood) astrophysical backgrounds. On the other hand, in a given dark
matter framework the intensity and energy spectrum of the products of annihilation or decay
can be calculated, thus permitting in principle a dedicated search for this exotic component
in the data. In many cases, the exotic flux component is expected to have a smooth energy
1
ar
X
iv
:1
90
9.
13
29
2v
1 
 [h
ep
-p
h]
  2
9 S
ep
 20
19
spectrum, which is not easily distinguishable from the background. However, some dark mat-
ter frameworks predict fluxes at Earth with energy spectra which are distinctively different
from the ones predicted by state-of-the-art background models. For these frameworks, current
instruments can be very sensitive to annihilation or decay signals. More importantly, the iden-
tification of such distinctive signal would hence constitute an evidence for the particle nature
of the dark matter.
Generically, these distinctive features appear in dark matter annihilations or decays where
the final state contains stable particles with energies at, or close to, the kinematic cut-off. More
concretely, distinctive features in the photon spectrum arise in the two-body final state γN
(withN = γ, Z, h, ν a neutral Standard Model particle), which produces a gamma-ray line [5–7],
and in the three-body final states f¯fγ [8–10] (with f a charged fermion) and W+W−γ [11]
provided the effective interaction inducing the process includes the photon. The large exposure
and excellent energy resolution of the AMS-02 electron and positron data allow to search for
the spectral feature produced in the two-body final state e−e+ [12, 13] and in the three-body
final state e−e+N [12], and to a lesser extent for the same processes with muons or taus in the
final state. Finally, the fairly good energy resolution for the cascade events at IceCube opens
up the possibility of observing features in the neutrino energy spectrum from the two body
decays νN [14].
It is plausible that the dark sector contains more than one particle. If this is the case, novel
and distinctive features could be detected. For example, if the final state contains two new
particles that decay in flight into photons, the resulting photon energy spectrum presents a
box-like shape [15], a triangle-like shape [16], or in general a polynomial shape [17].
Furthermore, there could be more than one particle contributing to the dark matter density.
In this class of scenarios, there may be additional dark matter signals from the decay of a heavier
dark matter component into a lighter, if allowed by the symmetries of the model. Of special
interest is the case where the mass difference is small, possibly due to the mild breaking of a
dark sector symmetry, such that the phase space available in the decay is small, thus leading to
longer lifetimes (in analogy to the slow neutron decay into a proton, electron and antineutrino,
which is a consequence of the mild breaking of the isospin symmetry). For sufficiently small
mass differences, only decays into photon and neutrinos would be kinematically accessible, thus
naturally leading to distinctive signals in the cosmic fluxes of these particle species.
More concretely, for multicomponent fermion dark matter the decay ψ2 → ψ1γ would pro-
duce a line in the photon spectrum at an energy Eγ = M2/2(1 −M21/M22 ), with M1 and M2
the masses of the dark matter components ψ1 and ψ2. The signals in this case, are analogous
to those from a single-component fermionic dark matter scenario with decay ψ → γν, and
which generates a photon with energy Eγ = mψ/2, and which has been thoroughly studied in
the literature. This class of models generically predicts also the three-body decays ψ2 → ψ1νν¯
and, if kinematically allowed, ψ2 → ψ1e+e− or into other charged fermions, which contribute
respectively to the neutrino flux or to the electron/positron flux.
The case of the multicomponent scalar dark matter has received less attention (see, how-
ever, [18]). The two body decay φ2 → φ1γ is forbidden by the conservation of total angular
momentum. On the other hand, the process φ2 → φ1γγ is allowed. In this paper we will
study this process in detail, focusing on the case where the mass difference between the two
dark matter components is small. In this regime, the photon spectrum produced in the decay
has a distinctive shape that allows a sensitive search for this signal in the gamma-ray data.
Furthermore, the branching ratio of this process can be sizable (or even dominant). Hence, the
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search for the photon signals would constitute the most powerful probe of this scenario.
The paper is organized as follows: In section 2 we consider an effective theory approach to
describe the decays φ2 → φ1γγ, φ2 → φ1ff¯ , and we provide a simple model where the effective
interactions are generated at the one loop level due to a Yukawa coupling of the dark matter
components with two exotic electrically charged heavy fermions. In Section 3 we consider a
variant of this model, where the two dark matter components interact with one light Standard
Model fermion and one heavy exotic fermion, in which case the effective theory description of
the decay φ2 → φ1γγ may not be valid. In section 4 we consider a concrete realization of the
latter scenario in the context of the ν˜MSSM. Finally, in section 5 we summarize and conclude.
2 Effective theory approach to multicomponent scalar dark
matter decay
We consider a scenario where the Standard Model is extended with two scalar gauge singlets, φ1
and φ2, with masses M1 and M2 respectively, both charged under a discrete Z2 symmetry, such
that the interaction terms of the form φi|H|2 are forbidden. We assume that φ1 is the lightest
particle of the Z2-odd sector. Then, φ1 is cosmologically stable and constitutes a dark matter
candidate. The heavier scalar singlet φ2 decays into φ1, but it is assumed to be long-lived in
cosmological time-scales. In this scenario, therefore, the dark matter contains two components
with abundances Ωφ1h2 and Ωφ2h2. The relic density of both dark matter components can be
determined e.g. by thermal freeze-out [19, 20] or by thermal freeze-in [21], depending on the
model parameters. In what follows, we will not address dark matter production, but simply
assume that the total dark matter abundance is (Ωφ1 + Ωφ2)h2 ' 0.12, as determined by the
Planck satellite [1].
The signals of the mono-component singlet scalar dark matter scenario have been thoroughly
discussed in the literature, and the extension to the multi-component variant of the model is
straightforward. In this work, therefore, we will focus on the aspects of the model that are
specific to the multicomponent character of our framework. Concretely, we will focus on the
signals arising from the decay of the heavier Z2-odd dark matter component into the lighter.
The decay can be induced by the Higgs portal term
−Ldim−4 = f3φ2φ1|H|2 , (1)
or by dimension six operators of the form
−Ldim−6 = g4
Λ24
φ2φ1Sdim−4 + g3
Λ23
φ2∂µφ1Vµdim−3 +
g′3
Λ23
φ1∂µφ2Vµdim−3 +
g2
Λ22
∂µφ1∂νφ2T µνdim−2 , (2)
where Sdim−4, Vµdim−3 and T µνdim−2 are, respectively, any gauge invariant dimension-four scalar,
dimension-three vector or dimension-two tensor operator involving Standard Model particles
only. Besides, Λi denotes the typical mass scale of the new physics generating the corresponding
effective interaction, and gi are dimensionless parameters.
These effective interactions could be generated, for instance, by extending the model with
heavy vector-like fermionic fields ψ1(Z2-even) and ψ2(Z2-odd) with masses m1 and m2, respec-
tively, singlets under SU(3)c × SU(2)L and with hypercharge −1, which couple to the scalar
field φi via a Yukawa interaction Yiφiψ1ψ2. Integrating out the heavy fermions, one obtains the
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Figure 1: One-loop Feynman diagrams contributing to the processes φ2 → φ1γγ and φ2 → φ1ff¯ .
Diagrams where the photon lines are interchanged (not shown in the Figure) also contribute to the
amplitudes.
following dimension-six operators involving the electromagnetic field strength tensor, through
the diagrams shown in Fig. 1:
−Lint ⊃ f1
Λ2
(∂µφ2∂νφ1 − ∂νφ2∂µφ1) F µ ν + f2
Λ2
φ2φ1 F
µ νFµ ν , (3)
with
f1
Λ2
' α
1/2
EM
12pi3/2m1m2
g
(
m1
m2
)
Im(Y1Y
∗
2 ),
f2
Λ2
' αEM
12pim1m2
Re(Y1Y
∗
2 ). (4)
Here,
g(x) =
3x (1− 4x+ x2)
(1− x2) (1− x)2 +
4x (1− 3x+ x2 − 3x3 + x4) log x
(1− x2)2 (1− x)2 (5)
is a function that satisfies g(x) = −g(x−1) and which vanishes at x = 1 (i.e. when m1 = m2)
and when x  1 or x  1 (i.e. when there is a large hierarchy between m1 and m2); the
vanishing of the Wilson coefficient f1 = 0 when m1 = m2 is due to Furry’s theorem, as in this
limit the vertex factors remain invariant under the reversal of the fermion directions in the loop.
Note also that f1 is non-zero only when the relative phase between Y1 and Y2 is different from
0 or pi. Analogous interactions involving the Z-boson arise upon replacing Aµ → − tan θWZµ,
with θW being the Weinberg’s angle.
The possible two body decay final states include a Standard Model neutral boson, either a
photon, a Z boson or a Higgs boson. It can be checked that the decay rate for φ2 → φ1γ via the
operator proportional to f1 is zero for an on-shell photon, in concordance with the conservation
of angular momentum. On the other hand, decays involving one Z-boson or one Higgs boson
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are allowed. The signatures of these decays are identical to those produced by the well studied
decays φ→ ZZ, hh, with the appropriate shift in the energy of the Z or the Higgs boson.
In this work we concentrate in a scenario where the two-body decays φ2 → φ1X, with
X a massive boson, are kinematically forbidden. This scenario arises either when φ2 is light,
or when the mass difference between φ2 and φ1 is small. 1 The possible three body decays
are then φ2 → φ1ff¯ , with f being a Standard Model fermion, and φ2 → φ1γγ. While three
body decays with two fermions in the final state have been discussed in the literature in other
scenarios, the three body decay with two photons in the final state has received less attention
(see, however, [18]).
The decay φ2 → φ1ff¯ , if kinematically allowed, is induced by the mediation of an off-shell
photon (via the dimension-six operator proportional to f1 in Eq. (3)), an off-shell Z-boson (via
the dimension-six operator proportional to f1 in Eq. (3), replacing Aµ → − tan θWZµ), and
an off-shell Higgs boson (via the dimension-four operator proportional to f3 in Eq. (1)). The
differential decay rate reads
dΓφ1ff¯
dxf
=
f 21NcαEM
192pi3Λ4
M52 ∆
5
x2f (1− xf )2
(1− xf∆)
[
12q2f + 8qfc
(f)
v
M22 ∆
2
cos2 θWm2Z
xf (1− xf )
(1− xf∆)
+(c(f)2v + c
(f)2
a )
M42 ∆
4
cos4 θWm4Z
x2f (1− xf )2
(1− xf∆)2
]
+
f 23Ncm
2
f
128pi3m4h
M32 ∆
5
x2f (1− xf )2
(1−∆xf )2 , (6)
where we have defined ∆ ≡
(
1 − M21
M22
)
and xf ≡ 2EfM2∆ , which is kinematically restricted to
be in the range 0 ≤ xf ≤ 1. Here, mf and qf are the fermion mass and electric charge, Nc
is the number of colors, and c(f)v and c(f)a are the vector and axial-vector couplings to the Z
boson. In these expressions it has been assumed that M2 −M1  2mf , such that the final
state fermions are relativistic. We note that the amplitudes of the processes mediated by
gauge bosons interfere with each other, but not with the amplitude of the process mediated
by the Higgs, as the fermions in the final state have the same chirality in the former case,
while opposite chirality in the latter. We also note that the conservation of angular momentum
requires the two (relativistic) final state fermions to be emitted in the same direction when the
fermions have the same chirality, and in opposite directions when they have opposite chirality.
The conservation of linear momentum requires the scalar φ1 to be emitted collinearly with one
of the fermions when they have opposite chirality (and, when the two fermions have the same
chirality, in the opposite direction to these).
The total decay rate for the decay φ2 → φ1ff¯ is
Γφ1ff¯ =
f 21NcαEM
120960pi3Λ4
M52 ∆
5
[
252q2f 2F 1(1, 3, 6; ∆) + 36qfc
(f)
v
M22 ∆
2
cos2 θWm2Z
2F 1(2, 4, 8; ∆)
+(c(f)2v + c
(f)2
a )
M42 ∆
4
cos4 θWm4Z
2F 1(3, 5, 10; ∆)
]
+
f 23Ncm
2
f
3840pi3m4h
M32 ∆
5
2F 1(2, 3, 6; ∆) , (7)
where we have used that∫ 1
0
dx xb−1(1− x)c−b−1(1−∆x)−a = 2F 1(a, b, c; ∆)B(b, c− b) (8)
1For small mass splittings, the effective operators of Eq. (2) in general should contain not quarks and gluons
as degrees of freedom but pions, as dictated by chiral perturbation theory. In this regime, the two body decay
φ2 → φ1pi0 or similar decays involving mesons may occur. Therefore, the most interesting regions for these
three-body final states containing diphotons is M2 −M1 < mpi0 .
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for c > b > 0. Here, B(a, b) is the Euler’s beta function and 2F1(a, b, c; ∆) is the Gauss’s
hypergeometric function, which is monotonically increasing with ∆ and takes limiting values
2F1(a, b, c, 0) = 1 ,
2F1(a, b, c, 1) =
Γ(c)Γ(c− a− b)
Γ(c− a)Γ(c− b) , (9)
for c > a+ b.
One can check that
M22 ∆
2
m2Z
≤
(
1 +
M1
M2
)2
< 4 , (10)
where the maximum value occurs forM2 = M1+mZ , namely when the Z-boson can be produced
on-shell, and when M2/mZ →∞. Therefore, in most of the parameter space the contribution
to the rate from the Z-boson mediated decay can be neglected against the contribution from
the photon mediated decay. On the other hand, the contribution from the Higgs boson should
not be neglected, despite the suppression by mf/mh, as it depends on a different coupling. A
special case is the decay φ2 → φ1νν¯, since both the Higgs and photon exchange contributions
to the rate are very suppressed compared to the Z-boson exchange contribution.
The process φ2 → φ1γγ, on the other hand, receives contributions from the dimension-six
operator proportional to f2 in Eq. (3), and from the mediation of an off-shell Higgs boson, via
the dimension-four operator proportional to f3 in Eq. (1) combined with the effective Higgs
interaction cγγ hvF
µνFµν . The differential rate reads:
dΓφ1γγ
dxγ
=
1
192pi3
(
f2
Λ2
+
f3cγγ
m2h
)2
M52 ∆
7
x3γ(1− xγ)3
(1− xγ∆)3 , (11)
where xγ ≡ 2EγM2∆ and cγγ ' −2.03 × 10−3 in the Standard Model. Due to the conservation
of angular momentum, the two photons must be emitted back to back if they have the same
polarization, and collinearly if they have opposite polarization; the conservation of linear mo-
mentum requires φ1 to be emitted along with one of the photons in the former case, and in the
direction opposite to the photons in the latter. 2 The partial rate of this decay channels is:
Γφ1γγ =
1
26880pi3
(
f2
Λ2
+
f3cγγ
m2h
)2
M52 ∆
7
2F 1(3, 4, 8; ∆) , (12)
where we have used Eq. (8). Here, 2F1(3, 4, 8; ∆) varies between 1 and 35 for ∆ between 0 and
1.
2It is interesting to remark that, even if the photons are emitted in the same direction and with the same
speed, the propagation history of the two photons in their way to the Earth might be different. Therefore they
will not arrive to the detector in coincidence. We will make this assumption when we analyze the observable
signals of this framework. On the other hand, the emission of two photons in exactly the same direction and
with the same speed is a very peculiar feature of the decay φ2 → φ1γγ, not exclusively of the framework where
φ1 and φ2 are cosmologically long-lived, and could have implications in other contexts.
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Approximate expressions for the partial decay rates are:
Γφ1e+e− '
(
1026 s
)−1 [( f1/Λ2
1.1× 10−22 GeV2
)2(
M2
1 GeV
)5
∆52F 1(1, 3, 6; ∆)
+
(
f3
8.8× 10−16
)2(
M2
1 GeV
)3
∆52F 1(2, 3, 6; ∆)
]
,
Γφ1νiν¯i '
(
1026 s
)−1( f1/Λ2
1.7× 10−17 GeV−2
)2(
M2
1 GeV
)9
∆92F 1(3, 5, 10; ∆) ,
Γφ1γγ '
(
1026 s
)−1 [ f2/Λ2
7.4× 10−23 GeV−2 −
f3
5.7× 10−16
]2(
M2
1 GeV
)5
∆72F 1(3, 4, 8; ∆). (13)
Clearly, φ2 can be cosmologically long-lived for sufficiently weak interaction strengths f1, f2, f3,
and/or for a small mass for the mother dark matter particle and/or for a small mass difference
with the daughter dark matter particle. Fig. 2 shows contour lines of the inverse width in the
final states φ1γγ (top panel), φ1νν¯ (bottom panel left) and φ1e−e+ (bottom panel right), for the
representative cases ∆ = 1 and ∆ = 0.001, which respectively correspond to a very hierarchical
spectrum and to a very degenerate spectrum of dark matter components.
The rates for the different processes depend on different combinations of the couplings f1,
f2 and f3. However, if the decays are dominated by the Higgs exchange one finds
Γφ1γγ
Γφ1e−e+
' c
2
γγ
7
M22 ∆
2
m2f
2F 1(3, 4, 8; ∆)
2F 1(2, 3, 6; ∆)
,
Γφ1νiν¯i ' 0 . (14)
Besides, for the toy model where the effective interactions f1 and f2 are generated via integrating
out a vector-like pair of heavy fermions,
Γφ1γγ
Γφ1e+e−
' pi
56
∆2 g−2 (m1/m2)
tan2 arg(Y1Y ∗2 )
2F 1(3, 4, 8; ∆)
2F 1(1, 3, 6; ∆)
,
Γφ1γγ∑
i Γφ1νiν¯i
' 3pi
2
(
c
(f) 2
v + c
(f) 2
a
) g−2 (m1/m2)
tan2 arg(Y1Y ∗2 )
m4z cos
4 θW
M42 ∆
2
2F 1(3, 4, 8; ∆)
2F 1(3, 5, 10; ∆)
. (15)
The branching ratios for the decay φ2 → φ1γγ both for the Higgs mediated scenario (left)
and for the fermion loop scenario (right) are shown in Fig. 3 for different values of ∆ with
M2 −M1 ≤ mpi, taking for concreteness m2 ' 5m1 and arg(Y1Y ∗2 ) = pi/4. One concludes
from the plot that the decay φ2 → φ1γγ has a sizable or dominant branching ratio in a
substantial part of the parameter space. Therefore, the model could be testable with gamma-ray
observations.
The (normalized) differential energy spectrum in this scenario can be cast as:
1
Γφ1γγ
dΓφ1γγ
dxγ
=
140
2F 1(3, 4, 8; ∆)
x3γ(1− xγ)3
(1− xγ ∆)3 , (16)
which only depends on the mass splitting parameter ∆ and on the variable x. The energy
spectrum is shown in Fig. 4, for three representative values of ∆. The spectrum presents a
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Figure 2: Inverse width contours for the decay processes φ2 → φ1γγ (top panel), φ2 → φ1νν¯ (bottom
left panel) and φ2 → φ1e−e+ (bottom right panel) as a function of the mass of the decaying dark
matter component M2, for exemplary hierarchical (∆ = 1) and degenerate (∆ = 10−3) spectra, for the
effective theory described in Section 2 characterized by the couplings f1/Λ2, f2/Λ2 and f3.
maximum at x = (1 − √1−∆)/∆, which takes values between 1/2 and 1 for ∆ → 0 and
∆ → 1. In terms of the photon energy, this is equivalent to a peak at Eγ = M22 (1 −
√
1−∆),
which takes values between Eγ = 14M2∆ and Eγ =
1
2
M2∆ for ∆→ 0 and ∆→ 1, respectively.
Notably, and regardless of the value of the parameter ∆, the energy spectrum presents a sharp
peak close to the kinematical endpoint, which could stand out over the featureless spectrum of
the isotropic diffuse gamma-ray emissions.
The flux of photons received on Earth from the decay φ2 → φ1γγ receives two main con-
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Figure 3: Branching ratios of the process φ2 → φ1γγ as a function of the decaying dark matter mass
M2 and the degeneracy parameter ∆ for an effective theory with f1 = f2 = 0 (left panel) and with
f3 = 0 (right panel). The white region, where the decay φ2 → φ1pi0 is kinematically accessible, is
disregarded in our analysis. See main text for details.
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Figure 4: Differential energy spectrum of photons produced in the decay φ2 → φ1γγ for different
values of the degeneracy parameter ∆ when the decay process can be described by the effective theory
presented in Section 2.
tributions. The extragalactic contribution is generated by the decay of dark matter particles
distributed homogeneously and isotropically in the Universe, and has a differential spectrum
given by
dΦeg
dEγ
=
1
4pi
Ωφ2ρc
M2
∫ ∞
0
dz
H(z)
dΓ
dEγ
[(z + 1)Eγ] e
−τ(Eγ ,z) , (17)
which includes contributions from all redshifts z. Here, ρc = 4.9× 10−6GeVcm−3 is the critical
density of the Universe, H(z) = H0
√
ΩΛ + Ωm(z + 1)3 is the (redshift-dependent) Hubble pa-
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Figure 5: Lower limit on the inverse width of the decay process φ2 → φ1γγ as a function of the mass
of the decaying dark matter component M2, for a very hierarchical (∆ = 1, left panel) and a very
degenerate (∆ = 10−3, right panel) dark matter mass spectrum.
rameter, and τ(Eγ, z) is the optical depth, which determines the attenuation of the gamma-ray
flux in their propagation from the decay point to the Earth. In our analysis we have adopted
ΩΛ = 0.69, Ωm = 0.31 [1], and the parametrization of the optical depth presented in [22]. The
second contribution stems from the decay of dark matter particles in the Milky Way halo, and
is given by:
dΦhalo
dEγ
(ψ) =
1
4piM2
Ωφ2
ΩDM
dΓ
dEγ
∫ ∞
0
ds ρDM[r(s, ψ)] , (18)
where we have assumed that the fraction of the dark matter mass density in the form of the un-
stable component φ2 is the same in the Milky Way and in the Universe at large scale: ρφ2/ρDM =
Ωφ2/ΩDM. In determining the galactic contribution to the gamma-ray flux,
dΦhalo
dEγ
(ψ) we
have assumed the Navarro-Frenk-White (NFW) dark matter halo profile [23] with scale ra-
dius rs = 21 kpc, local dark matter density ρ = 0.3 GeV/cm3 and distance of the Sun to the
Milky Way center r = 8.5 kpc.
The non-observation of a statistically significant sharp feature in the isotropic diffuse photon
flux determined by INTEGRAL [24], COMPTEL [25], EGRET [26] and the Fermi-LAT [27]
leads to limits on the width of the dark matter decay channel φ2 → φ1γγ, which are shown
in Fig. 5 as a function of the dark matter mass, and for two different values of the mass
splitting parameter ∆ = 1(left panel) and 10−3(right panel). The limits have been derived
assuming that Ωφ2h2 = ΩDMh2 and imposing that the predicted photon flux does not exceed
the 2σ limit reported by the experiment in every energy bin. The contribution to the photon
flux from inverse Compton scattering has been neglected; therefore our limits can be regarded
as conservative. In principle, a given experiment is sensitive to arbitrarily large dark matter
masses, due to the low energy tail in the photon energy spectrum. On the other hand, the
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photon multiplicity decreases rapidly, as x−3γ , when xγ  1, while the measured photon flux
scales roughly as E−2γ . As a result, the range of masses to which the experiment is sensitive is
effectively bounded from above as well.
We obtain that current observations require Γ−1φ1γγ & 5× 1026 s for ∆ = 1 and for a mother
particle with mass M2 in the range 40 keV − 1 TeV. As the spectrum becomes more and more
degenerate, the limits on the inverse width become weaker, approximately by a factor ∆/2 (this
is due to the fact that the energy of the peak is proportional to 1−√1−∆ ' ∆/2 , combined
with the fact that the observational limits are roughly flat with the energy of the photon). For
∆ = 10−3 the inverse width is therefore restricted to be Γ−1φ1γγ & 2.5× 1023 s when the mother
dark matter particle mass is in the range M2 = 80 MeV − 2 PeV.
3 Scalar dark sector coupled to Standard Model fermions
In the previous section we have considered a possible UV completion to the effective interaction
Eq.(3) consisting in one heavy Z2-even fermion and one heavy Z2-odd fermion, with the same
gauge quantum numbers. The Standard Model contains already various Z2-even fermions,
therefore, an obvious variant of the aforementioned scenario consists in identifying ψ1 with any
Standard Model fermion, which we denote by f , and ψ2 with a heavy Z2-odd exotic fermion.
If the Standard model fermion is also heavy, m1 M2,M1, the results of the previous section
apply. However, if the dark matter particles interact with a light Standard Model fermion, a
separate analysis is necessary. In this section we focus in the scenario where M2 −M1  m1,
so that the decay φ2 → φ1ff¯ proceeds at tree level (since ψ1 is identified with f). The decay
φ2 → φ1γγ, on the other hand, still proceeds at the one loop level. However, due to the lightness
of the Standard Model fermion in the loop, the process cannot be described by the effective
interactions constructed in the previous Section.
For simplicity, we will assume in this section that the Higgs portal interaction is negligible,
so that the decays proceed dominantly by the interactions with the Standard Model fermion
and the Z2-odd exotic fermion. The amplitude for the process φ2 → φ1ff¯ can be obtained
from the effective interaction
−Lint ⊃ Re(Y1Y
∗
2 )
2m22
f¯γµ (aPL + b PR) f
(
φ1
↔
∂µ φ2
)
, (19)
where PL,R are the chiral projection operators. On the other hand, and as said above, the
decay φ2 → φ1γγ cannot be described by an effective interaction and the amplitude must be
calculated instead from the full Lagrangian. We obtain
A(φ2 → φ1γγ) = αEM
pi
m1
m2
Re(Y1Y
∗
2 ) I
(
m21
k1k2
) [
ηµν − k
µ
1 k
ν
2
k1k2
]
1ν2µ , (20)
where k1,2 and 1,2 are the four-momenta and the polarizations of the emitted photons, and the
loop function I(x) is given by
I(x) = 1 + 1
2
(1− 2x)
[
Li2
(
1 +
√
1− 2x
x
)
+ Li2
(
1−√1− 2x
x
)]
. (21)
For x ≥ 1/2 the function I(x) is real and monotonically decreasing, while for x ≤ 1/2,
I(x) contains an imaginary part due to the on-shellness of the loop fermion ψ1. Approximate
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expressions for I(x) are
I(x) ≈

(
1 +
pi2
4
)
− 1
4
(1− 2x) log2 x
2
− x
2
(pi2 + log
x
2
) + i
pi
2
(1− 2x) log x
2
forx 1
1
3x
+
7
180x2
forx 1
.
(22)
The differential rate for the process φ2 → φ1ff¯ reads, under the assumption M2 −M1 
2mf ,
dΓφ1ff¯
dxf
=
1
64pi3
Re(Y1Y
∗
2 )
2
(
M52 ∆
5
m42
)
x2f (1− xf )2
(1− xf∆) , (23)
resulting in a partial decay width
Γφ1ff¯ =
1
1920pi3
Re(Y1Y
∗
2 )
2
(
M52 ∆
5
m42
)
2F 1(1, 3, 6; ∆). (24)
On the other hand, the differential decay width for φ2 → φ1γγ reads,
dΓφ1γγ
dxγ
=
α2EM
128pi5
Re(Y1Y
∗
2 )
2
(
m41∆
M2m22
)
Fγγ (xγ) , (25)
where
Fγγ =
∫ ∞
zmin
dz
|I(z)|2
z2
≈

1
27z3min
for zmin  1
1
zmin
(
12.8 + 0.062 log4 zmin
)
for zmin  1
. (26)
with zmin =
2m21
M22
(1− xγ∆)
(1− xγ)xγ∆2 . We note that the regimeM2−M1 < 2m1 (> 2m1) corresponds
to zmin > 1/2 (< 1/2).
Thus, from Eq. (25) and (26) one obtains:
dΓφ1γγ
dxγ
≈ α
2
EM
128pi5
Re(Y1Y
∗
2 )
2
(
m41∆
M2m22
)

M62 ∆
6
216m61
x3γ (1− xγ)3
(1− xγ∆)3
forM2 −M1  2m1
M22 ∆
2
2m21
xγ (1− xγ)
(1− xγ∆)
[
12.8 + 0.062 log4
(
2m21
M22
(1− xγ∆)
(1− xγ)xγ∆2
)]
forM2 −M1  2m1
.
(27)
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Figure 6: Same as Fig. 2, but for the scenario described in Section 3 where the two dark matter
components have Yukawa couplings Y1,2 to a light Z2-even fermion and a heavy Z2-odd exotic fermion.
For the plot we have assumed that the Z2-even fermion is an electron and that the Z2-odd fermion has
mass m2 = 1 TeV.
Approximate expressions for the partial decay rates are:
Γφ1ff¯ '
(
1026s
)−1( Re(Y1Y ∗2 )
2.1× 10−17
)2 ( m2
1 TeV
)−4( M2
1 GeV
)5
∆52F1 (1, 3, 6; ∆) ,
Γφ1γγ '
(
1026s
)−1 ( m2
1 TeV
)−2
×

(
Re(Y1Y
∗
2 )
6.3× 10−20
)2(
me
m1
)2(
M2
1 GeV
)5
∆72F1 (3, 4, 8; ∆) forM2 −M1  2m1(
Re(Y1Y
∗
2 )
6× 10−15
)2(
m1
me
)2(
M2
1 GeV
)
∆3×[(
1 +
1
200
log4
(
M22 ∆
2
2m21
))
2F1 (1, 2, 4; ∆) + 0.03J (M2,m1,∆)
] ,
forM2 −M1  2m1
(28)
where,
J (M2,m1,∆) ≡
∫ 1
0
dxγ
xγ(1− xγ)
(1−∆xγ)[
4 log3
(
M22 ∆
2
2m21
)
log
[
xγ(1− xγ)
(1−∆xγ)
]
+ 6 log2
(
M22 ∆
2
2m21
)
log2
[
xγ(1− xγ)
(1−∆xγ)
] ]
.
(29)
Fig. 6 shows contour lines of the inverse widths into φ1γγ (left panel) and into φ1e+e− (right
panel), in the parameter space spanned by Re(Y1Y ∗2 ) and M2, for ∆ = 1 and ∆ = 10−3, taking
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Figure 7: Same as Fig. 3, but for the scenario described in Section 3 For the plot we have assumed
that the Z2-even fermion is an electron and that the Z2-odd fermion has mass m2 = 1 TeV.
for concreteness a model where the dark matter particles couple to an electron and to a Z2-odd
exotic fermion with mass m2 = 1 TeV.
The ratio of rates can be calculated from Eq. (28). One finds that
Γφ1γγ
Γφ1ff¯
'

α2EM∆
2
2016pi2
(
m2
m1
)2
2F 1(3, 4, 8; ∆)
2F 1(1, 3, 6; ∆)
forM2 −M1  2m1
639α2EM
20pi2 ∆2
(
m21m
2
2
M42
)
×[ (
1 + 1
200
log4
(
M22∆
2
2m21
))
2F1 (1, 2, 4; ∆) + 0.03J (M2,m1,∆)
]
2F1 (1, 3, 6; ∆ )
forM2 −M1  2m1
.(30)
It follows from these expressions that φ2 → φ1γγ can have a sizable branching ratio, especially
when m2  m1,M2. This is illustrated in Fig. 7, which shows contour lines of the branching
ratio for φ2 → φ1γγ for different values of ∆ and M2, for the specific case where the Standard
Model fermion is an electron and the Z2-odd exotic fermion has mass m2 = 1 TeV.
The (normalized) differential photon spectrum is in this case
1
Γφ1γγ
dΓφ1γγ
dxγ
'

140
2F 1(3, 4, 8; ∆)
x3γ(1− xγ)3
(1− xγ ∆)3 forM2 −M1  2m1,
xγ(1− xγ)
(1−∆xγ)
6 + 0.03 log4
[(
2m21
M22∆
2
)
(1−∆xγ)
xγ(1−xγ)
]
[ (
1 + 1
200
log4
(
M22∆
2
2m21
))
2F1 (1, 2, 4; ∆) + 0.03J (M2,m1,∆)
]
forM2 −M1  2m1
,
(31)
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Figure 8: Same as Fig. 4, but for the scenario described in Section 3 For the plot we have assumed
that the Z2-even fermion is an electron, that the Z2-odd fermion has mass m2 = 1 TeV, and that the
decaying dark matter component mass is M2 = 1 keV (left panel) and M2 = 100 GeV (right panel).
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Figure 9: Lower limit on the inverse width of the decay process φ2 → φ1γγ as a function of the mass
of the decaying dark matter component M2, for a very hierarchical (∆ = 1, left panel) and a very
degenerate (∆ = 10−3, right panel) dark matter mass spectrum with ψ1 = electron for illustration.
which is mostly dependent on the parameter ∆, but also has a mild dependence on M2. The
differential photon spectrum is shown in Fig. 8, taking for illustrationM2 = 1 keV andM2=100
GeV. The differential spectrum is qualitatively similar to the one obtained in the effective
theory approach analyzed in Section 2, although shows some quantitative differences. The
corresponding limits on the inverse width from gamma-ray telescopes are shown in Fig. 9, for
the representative cases ∆ = 1 and ∆ = 10−3, for the case when the Standard Model fermion
in the loop is an electron.
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4 A supersymmetric scenario: the right-chiral (s)neutrinos
in ν˜MSSM
The MSSM in its R-parity conserved form is a well-motivated new physics scenario which
not only solves the naturalness problem but also provides a stable dark matter candidate. A
simple way of generating the correct neutrino mass and mixing pattern is to extend the MSSM
with right-handed neutrino superfields, with tiny or vanishing Majorana masses, such that
the total lepton number is approximately conserved and the neutrino masses are of Dirac-
type. Along with the addition of right-handed neutrino superfields arises the possibility of a
new scalar dark sector comprising right sneutrinos. Being SM gauge-singlets they can interact
only through their mixing with the left-handed partners through the neutrino Yukawa coupling.
Thus such sneutrinos are very weakly interacting [28–35]. Neutrino oscillation data additionally
requires the addition of at least two generations of right-handed neutrino superfields. In case
the sneutrino masses have a common origin at high-scale, they are likely to be nearly degenerate
at the electroweak scale, since their renormalization group equation is driven by the neutrino
trilinear coupling [32, 36] which is usually proposed to be proportional to neutrino Yukawa
coupling Yν , the proportionality constant being a SUSY breaking mass-scale Aν .
When the mass difference is smaller than twice the electron mass, the heavier sneutrino (ν˜i)
decays into the lighter sneutrino and a neutrino-antineutrino pair via the exchange of virtual
neutralinos, or into the lighter sneutrino and two photons. For unitary sneutrino mixing, it can
be checked that the coupling ν˜iν˜k h (Z) is forbidden for i 6= k and hence the decays cannot occur
via the mediation of a virtual Higgs (Z) boson. The decay can however proceed at the one loop
level via diagrams such as the ones in Fig. 10. Assuming that all supersymmetric particles,
excepting the right-handed sneutrinos, are at the mass scale mSUSY, and mν˜R i mSUSY, we
checked that the dominant contribution to the amplitude comes from lepton(l−)-chargino(χ−)
loops, which is enhanced by a factor ∼ mSUSY/ml compared to other contributions. This
scenario, therefore, falls into the class of models analyzed in Section 3. Assuming a scheme of
minimal flavour violation [37–40] in the leptonic sector, the Yukawa coupling of the sneutrino
i = 1, 2 to the lepton l = e, µ, τ is given by
Yil = gW sin Θν˜ii Ui l , (32)
where gW is weak gauge coupling, Ui l are elements of the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix and Θν˜ii is the mixing angle between the left-sneutrino of flavor i with the
right-sneutrino of the same flavor, which reads
tan Θν˜ii =
2 yνv sin β |µ cot β − Aν |
m2ν˜L −m2ν˜R
. (33)
Here, yν is neutrino Yukawa coupling which, for Dirac neutrinos, lies in the range' (2.8− 4.4)×
10−13 where the lower and upper limit correspond respectively to a scenario of hierarchical and
degenerate neutrino masses.
Particularizing Eq.(28) to this model, and taking for simplicity Aν ,mν˜L ∼ mSUSY  mν˜R ,
with mSUSY being the overall SUSY mass scale, the partial rates in the different channels can
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Figure 10: Feynman diagrams giving the dominant contribution to the decay processes ν˜i →
ν˜kγγ,ν˜i → ν˜ke−e+ and ν˜i → ν˜kνν¯. Diagrams where the photon lines are interchanged (not shown
in the Figure) also contribute to the amplitudes.
be approximated as,
Γν˜i→ν˜kνν¯ '
(
1026s
)−1
∑
l,r=e,µ,τ
Re(YilY
∗
kr)
2.1× 10−17

2 (mSUSY
1 TeV
)−4 ( mν˜i
1 GeV
)5
∆5,
Γν˜i→ν˜ke−e+ '
(
1026s
)−1( Re(YieY ∗ke)
2.1× 10−17
)2 (mSUSY
1 TeV
)−4 ( mν˜i
1 GeV
)5
∆5,
Γν˜i→ν˜kγγ '
(
1026s
)−1 (mSUSY
1TeV
)−2
×

(
Re(YieY
∗
ke)
6.3× 10−20
)2 ( mν˜i
1 GeV
)5
∆7 for mν˜i −mν˜k2me,(
Re(YieY
∗
ke)
6× 10−15
)2 ( mν˜i
1 GeV
)
∆3
[
1 +
7
5
log2
(
m2ν˜i∆
2
2m2e
)]
for mν˜i −mν˜k2me
,
(34)
where we have assumed ∆ 1.
When the mass difference between the sneutrinos is smaller than twice the electron mass,
the only decays accessible are ν˜i → ν˜kγγ and ν˜i → ν˜kνν¯, with ratio of the rates approximately
given by
Γν˜i→ν˜kγγ
Γν˜i→ν˜kνν¯
' α
2
EM∆
2
2016pi2
 U †ekUie∑
l,r=e,µ,τ
U †rkUil
(m2SUSY
m2e
)
. (35)
In this regime one has ∆ ≤ 4me/mν˜i , therefore the diphoton decay channel can domi-
nate over the “invisible” decay channel if the mass difference is not too small and if mν˜i <∼
1.1× 10−4mSUSY ; if the mass difference between the sneutrinos is generated through quantum
effects by the tiny neutrino Yukawa coupling, such that ∆ 4me/mν˜i , then the decay will be
dominated by the “invisible” channel.
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When the right-sneutrino mass splitting is larger than twice the electron mass, ∆ ≥ 2me/mν˜i
the loop and αEM suppression factors in Eq. (35) can be compensated by the (possibly large)
factor m2SUSY/m2ν˜i . In this regime, furthermore, the decay channel ν˜i → ν˜ke−e+ opens up. The
ratio of the rates of ν˜i → ν˜kγγ and ν˜i → ν˜ke+e− is given by
Γν˜i→ν˜kγγ
Γν˜i→ν˜ke−e+
' 639α
2
EM
40pi2
(
m2SUSY
m2ν˜i
)
F
(
m2ν˜i ∆
2
2m2e
)
, (36)
with F(x) = x−1(1 + 7/5 log2 x). This ratio is larger than 1 when the sneutrino is sufficiently
light. On the other hand, in this regime x ≥ 2, which implies F(x) . 0.93. Therefore, the
ratio Eq. (36) is necessarily smaller than 1 if mν˜i & 9× 10−3mSUSY.
For even larger masses, decays into a muon-antimuon pair, or mesons open up, usually
taking a significant fraction of the total decay width.
The Yukawa couplings inducing the sneutrino decay are, in simple scenarios, related to the
sneutrino dark matter density. Concretely, for sneutrino dark matter generated by freeze-in
of the slepton decays l˜L → ν˜RW and ν˜L → ν˜RZ, the relic abundance can be approximated
as [28],
Ων˜ih
2 ' 0.12
( g∗
106.75
)−3/2 ( sinΘν˜ii
6.08× 10−12
)2(
sinβ
1
)−2 (mSUSY
1 TeV
)( mν˜i
1 GeV
)
, (37)
where Θν˜ii was defined in Eq. (33), which in turn determines the Yukawa couplings of the model
through Eq. (32). We can then estimate the order of magnitude of the inverse width for the
decay process ν˜i → ν˜kγγ as
Γν˜i→ν˜kγγ ' sin4 β
(mSUSY
1TeV
)−4
×

(
5× 1033s)−1 ( mν˜i
1 GeV
)3
∆7 for mν˜i −mν˜k2me,(
2× 1036s)−1 ( mν˜i
1 GeV
)
∆5F
(
m2ν˜i∆
2
2m2e
)
for mν˜i −mν˜k2me
, (38)
where we have assumed that ν˜i accounts for most of the dark matter of the Universe, |Uij| ∼
1/
√
3, g∗ = 106.75 and ∆ 1. It is clear from eqn. (38) that the choices of parameters favoured
by freeze-in production result in a diphoton flux which is well below the sensitivity of current or
future gamma-ray telescopes. In variants of this scenario, however, the prospects of detection
might be more promising.
5 Summary and Conclusion
We have considered a dark matter scenario where the lightest and next-to-lightest particles of
the dark sector are singlet scalars, odd under a discrete Z2 symmetry, while the Standard Model
particles are all even. The lightest scalar, φ1, is assumed to be absolutely stable. However,
the next-to-lightest scalar, φ2, could decay into the lightest one together with Standard Model
particles.
We have investigated the gamma-ray signatures produced in the decay. Angular momentum
conservation forbids the decay φ2 → φ1γ, hence we have focused on the three-body decay
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φ2 → φ1γγ, which presents a characteristic energy spectrum with a peak close to the kinematic
end-point and which could be easily distinguished from the (featureless) astrophysical diffuse
gamma-ray background.
We have constructed the most general CP-conserving effective Lagrangian inducing this
decay either via a Higgs portal interaction or via dimension six operators, and we have proposed
a UV complete model that generates those dimension six operators involving one Z2-even and
one Z2-odd heavy fermion running in the loops. We have calculated the decay rates for the
processes φ2 → φ1γγ, φ2 → φ1e−e+ and φ2 → φ1νν¯ and identified the regions of the parameter
space where the branching ratio of φ2 → φ1γγ is sizable. We have also derived stringent limits
on the inverse width for this process from the non-observation of such gamma-ray feature in
the diffuse gamma-ray background inferred from the INTEGRAL, COMPTEL, EGRET and
Fermi-LAT observations, both for large and for small mass differences between the two dark
matter components. These limits in turn translate into stringent limits on the parameters of
the model.
We have also analyzed a variant of our UV complete model where the Z2-even fermion is
identified with a Standard Model fermion. For this scenario, the effective theory approach to
the decay φ2 → φ1γγ is not valid and therefore requires a separate analysis. In particular,
we show that the photon energy spectrum (and accordingly the limits on the inverse width
from gamma-ray data) differs from the one calculated in the effective theory approach. As a
particular case of this scenario, we have considered the MSSM augmented by three right-handed
neutrino superfields, and we have studied the gamma-ray signals generated in the decay of the
next-to-lightest supersymmetric particle into the lightest in the case where the total lepton
number is conserved. For freeze-in production the predicted gamma-ray flux is unfortunately
many orders of magnitude below the sensitivity of current or future gamma-ray telescopes, due
to the smallness of the neutrino Yukawa coupling. In other scenarios, however, the gamma-ray
signal from φ2 → φ1γγ may be within the reach of experiments.
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